Introduction {#Sec1}
============

The polycyclic aromatic hydrocarbons are widely distributed in the environment as one of the persistent organic pollutants and are generated by natural combustion processes as well as human activities \[[@CR1]\]. Benzo(a)pyrene is of environmental concern due to its high carcinogenic \[[@CR2]\] and bioaccumulation potential \[[@CR3]\]. Biodegradation in contaminated environments is one of the important processes of remediation. Therefore, isolation of potent biodegradation strains and elucidation of the biodegradation pathways have drawn attention for a long time \[[@CR4]--[@CR6]\]. [*Novosphingobium pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^, a Gram negative halophilic marine bacterium, is one of the potent strains capable of utilizing a series of high molecular weight PAHs as sole carbon and energy sources. Strain US6-1^T^ showed an especially high degradation ability for benzo(a)pyrene \[[@CR7]\]. To understand the PAH biodegradation pathways, genomic and proteomic approaches were conducted on this strain \[[@CR8], [@CR9]\]. In the genomic study it was reported that strain US6-1^T^ contained at least two large plasmids and most of the coding genes associated with PAH degradation were located in the larger plasmid pLA1 \[[@CR8]\]. However, the draft genome sequence was inadequate to understanding the degradation processes for high-molecular-weight compounds of PAH and their regulation mechanism. Therefore, completion of the strain US6-1^T^ genome was carried-out and the genomic repertoire is reported in here.

Organism information {#Sec2}
====================

Classification and features {#Sec3}
---------------------------

At the time of writing, the genus [*Novosphingobium*](http://dx.doi.org/10.1601/nm.1216) contains 30 species including [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^. Phylogenetic analysis based on the 16S rRNA gene sequences using the neighbor-joining, maximum-likelihood and maximum-parsimony methods showed that [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ formed a clade with other members within the genus [*Novosphingobium*](http://dx.doi.org/10.1601/nm.1216) (Fig. [1](#Fig1){ref-type="fig"}). [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ shared the 16S rRNA gene identity with the type strains, [*N. aquaticum*](http://dx.doi.org/10.1601/nm.24350) FNE08-86^T^ and [*N. mathurense*](http://dx.doi.org/10.1601/nm.13494) SM117^T^, in the range of 93.9 and 98.7 %, respectively. The strain PP1Y \[[@CR10]\], one of the whole-genome sequenced strains in genus [*Novosphingobium*](http://dx.doi.org/10.1601/nm.1216), was most closely related to [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ with 99.9 % similarity.Fig. 1Phylogenetic tree highlighting the position of *Novosphingobium pentaromativorans* US6-1^T^ (in bold) relative to the other validly published 28 type strains, and 4 non-type strains that have their whole genome sequences (indicated with \*) within genus *Novosphingobium*. A total of 1305 unambiguously aligned sequences were compared and phylogenetic trees were reconstructed using the neighbor-joining \[[@CR26]\], maximum-likelihood \[[@CR27]\] and maximum-parsimony \[[@CR28]\] methods. Bootstrap values (%) are based on 1000 replicates and are indicated at the nodes when they are higher than 50 % \[[@CR29]\]. The evolutionary distances were calculated by the Jukes-Cantor method \[[@CR30]\] using MEGA5 \[[@CR31]\]. The nodes are marked with filled or open circles when the node was recovered by all three or by two treeing methods, respectively. *Sphingosinicella microcystinivorans* Y2^T^ was used as an outgroup. Scale bar; 0.005 changes per nucleotide position

Strain US6-1^T^ cells are Gram-negative, non-motile rods (Table [1](#Tab1){ref-type="table"}). Cells are 0.36--0.45 μm in width and 0.97--1.95 μm in length. Colonies on ZoBell 2216 agar and trypticase soy agar medium are yellowish and circular. Optimal growth occurred at 30 °C and was retarded below 20 °C. The organism tolerates pH values from 6 to 9 and optimal growth occurs at pH 6.5. Strain US6-1^T^ grows in the range of 1--6 % NaCl with optimal growth at 2.5 % NaCl. The isolate can grow under anaerobic conditions but growth is retarded \[[@CR7]\].Table 1Classification and general features of *N. pentaromativorans* US6-1^T^MIGS IDPropertyTermEvidence code^a^Current classificationDomain *Bacteria*TAS \[[@CR33]\]Phylum *Proteobacteria*TAS \[[@CR34]\]Class *Alphaproteobacteria*TAS \[[@CR35], [@CR36]\]Order *Sphingomonadales*TAS \[[@CR37], [@CR37]\]Family *Sphingomonadaceae*TAS \[[@CR38], [@CR39]\]Genus *Novosphingobium*TAS \[[@CR40], [@CR41]\]Species *Novosphingobium pentaromativorans*TAS \[[@CR7]\]Type strain US6-1^T^TAS \[[@CR7]\]Gram stainnegativeTAS \[[@CR7]\]Cell shaperodTAS \[[@CR7]\]Motilitynon-motileTAS \[[@CR7]\]Sporulationnot reportedNASTemperature range15-40 °CIDA \[[@CR7]\]Optimum temperature30 °CTAS \[[@CR7]\]pH range; Optimum6--9; 6.5TAS \[[@CR7]\]Carbon sourcecyclodextrin, dextrin, glucose, maltose, sucrose, psicose, propionic acid,alanine, glutamic acid, prolineTAS \[[@CR7]\]MIGS-6Habitatmuddy sedimentTAS \[[@CR7]\]MIGS-6.3Salinityrequires (2.5 %)TAS \[[@CR7]\]MIGS-22Oxygen requirementFacultative anaerobicTAS \[[@CR7]\]MIGS-15Biotic relationshipfree-livingTAS \[[@CR7]\]MIGS-14Pathogenicitynon-pathogenTAS \[[@CR7]\]MIGS-4Geographic locationUlsan Bay, Republic of KoreaTAS \[[@CR7]\]MIGS-5Sample collection time2000NASMIGS-4.1Latitude129°23′14″NASMIGS-4.2Longitude35°29′48.5″NNASMIGS-4.4Altitude−8 mNAS^a^Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS: Non-traceable Author Statement (i.e., not directly observed for the living, isolated sample, but based on a generally accepted property for the species, or anecdotal evidence). These evidence codes are from the Gene Ontology project \[[@CR42]\]

[*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ utilizes cyclodextrin, dextrin, Tween 40, Tween 80, α-D-glucose, maltose, D-trehalose, sucrose, psicose, methyl pyruvate, β-hydroxybutyric acid, α-ketobutyric acid, propionic acid, acetic acid, quinic acid, L-alanine, L-alanyl glycine, L-aspartic acid, L-glutamic acid, L-proline, L-threonine and L-phenylalanine \[[@CR7]\]. These phenotypes were confirmed by genomic methods.

Genome sequencing information {#Sec4}
=============================

Genome project history {#Sec5}
----------------------

The genome of [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ was sequenced in 2009 using a 454 GS FLX Titanium sequencing platform. The assembly and annotation of draft genome sequences were completed on August 11, 2011 and the GenBank data was released on September 5, 2011. The genome project has been deposited at DDBJ/EMBL/GenBank under the accession number [AGFM00000000](http://www.ncbi.nlm.nih.gov/nuccore/AGFM00000000) \[[@CR8]\]. On January 1, 2014, [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ was selected for complete genome sequencing using Illumina MiSeq and PacBio RS II sequencing technology. The complete genome was annotated on May 26, 2014 by ChunLab Inc., South Korea and the sequence was deposited in GenBank on October 10, 2014 ([CP009291](http://www.ncbi.nlm.nih.gov/nuccore/CP009291), [CP009292](http://www.ncbi.nlm.nih.gov/nuccore/CP009292), [CP009293](http://www.ncbi.nlm.nih.gov/nuccore/CP009293), [CP009294](http://www.ncbi.nlm.nih.gov/nuccore/CP009294), [CP009295](http://www.ncbi.nlm.nih.gov/nuccore/CP009295), [CP009296](http://www.ncbi.nlm.nih.gov/nuccore/CP009296)). Table [2](#Tab2){ref-type="table"} represents the project information and its association with MIGS version 2.0 compliance \[[@CR11]\].Table 2Project informationMIGS IDPropertyTermMIGS-31Finishing qualityFinishedMIGS-28Libraries usedIllumina MiSeq, PacBio 10 KMIGS-29Sequencing platformsIllumina MiSeq, PacBio 10 KMIGS-31.2Fold coverage395.08 × Illumina, 128.82 × PacBioMIGS-30AssemblersRoche gsAssembler 2.6, PacBio SMRTAnalysis 2.2.0, CLCbio CLC GenomicsWorkbench version 7.0.4MIGS-32Gene calling methodProdigal, tRNA-Scan-SE, HMMERLocus TagJI59GenBank IDCP009291-6GenBank Date of ReleaseOctober 10, 2014GOLD IDGs0114422BIOPROJECTPRJNA257352MIG-13Source Material IdentifierKCTC 10454^T^Project relevanceBioremediation, PAHs biodegradation pathway, Environmental

Growth conditions and genomic DNA preparation {#Sec6}
---------------------------------------------

US6-1^T^ (=[KCTC 10454^T^](http://doi.org/10.1601/strainfinder?urlappend=%3Fid%3DKCTC10454T)) was cultivated for 1 day at 30 °C in 100 ml ZoBell medium (5 g peptone, 1 g yeast extract, 0.01 g FePO~4~ per liter of 20 % distilled water and 80 % filtered aged seawater) by shaking incubation (150 rpm). Cell was harvested by centrifugation at 6000 × g for 15 min at 4 °C and then washed twice with sterilized seawater. The genomic DNA isolation prepared by using a Wizard® genomic DNA purification kit (Promega, USA) according to the manufacturer's instructions. Genomic DNA quantified using the PicoGreen® fluometric quantification kit (Molecular Probes) and preserved at −20 °C for sequencing.

Genome sequencing and assembly {#Sec7}
------------------------------

The genomic DNA was fragmented using dsDNA fragmentase to generate DNA pieces suitable for library construction. The DNA fragments were processed with a TruSeq DNA sample preparation kit v2 (Illumina Inc., USA) following the manufacturer's instructions. The final library was quantified by a Bioanalyzer 2100 (Agilent, USA) and the average library size was 300 bp. The genomic library was sequenced by Illumina MiSeq (Illumina Inc., USA) and a PacBio RS II sequencer (Pacific Biosciences, USA). Generated Illumina sequencing reads (8,767,104 reads, total read length 2,156,191,562 bp) and PacBio reads (1,362,072 reads, total read length 703,045,197 bp) were assembled using the CLC genomics workbench 7.0.4 (CLC bio, Denmark) and the PacBio SMRT Analysis Pipeline 2.2.0. Finally, we obtained 6 contigs. The contigs and PCR-based long reads were combined through manual curation using [Codon](http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=79338)Code Aligner 3.7.1 ([Codon](http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=79338)Code Corp., USA). The final plasmid sequences were corrected by remapping with raw reads to check errors and dubious regions.

Genome annotation {#Sec8}
-----------------

The genes in the assembled genome were predicted using Prodigal \[[@CR12]\] as part of the DOE-JGI genome annotation pipeline \[[@CR13], [@CR14]\], followed by a round of manual curation using the JGI GenePRIMP pipeline \[[@CR15]\]. tRNAs were identified by tRNA-Scan-SE \[[@CR16]\], and the search for rRNAs used HMMER with EzTaxon-e rRNA profiles \[[@CR17], [@CR18]\]. The predicted CDSs were compared to catalytic families, NCBI COG by rpsBLAST, NCBI reference sequences and SEED databases by BLASTP, for functional annotation \[[@CR19]--[@CR22]\]. Additional gene prediction analysis and functional annotation were performed within the Integrated Microbial Genomes-Expert Review (IMG-ER) platform \[[@CR23]\].

Genome properties {#Sec9}
=================

The total length of the complete genome sequence is 5,457,578 bp, which includes a 3,979,506 bp chromosome and five plasmids pLA 1 (0.18 Mb), pLA 2 (0.06 Mb), pLA 3 (0.75 Mb), pLA 4 (0.33 Mb), and pLA 5 (0.13 Mb) (Table [3](#Tab3){ref-type="table"}). The DNA G + C content was determined to be 63.02 %. There are 82 RNA genes which includes 9 rRNAs, 54 tRNAs and 19 miscRNAs (Table [4](#Tab4){ref-type="table"}). All of the amino acid coding genes are located on the chromosome. From the gene prediction results, 5110 CDSs were identified. The statistics of the genome based on the IMG (ID: 59347) are summarized in Table [4](#Tab4){ref-type="table"} and the distribution of genes into COG functional categories is presented in Fig. [2](#Fig2){ref-type="fig"} and Table [5](#Tab5){ref-type="table"}.Table 3Summary of genome: one chromosome and five plasmidsLabelSize (Mb)GC (%)No. genesTopologyINSDC identifierChromosome3.9863.53811circularCP009291pLA10.1862.6191circularCP009294pLA20.0660.2985circularCP009296pLA30.7561.44654circularCP009292pLA40.3362.4326circularCP009293pLA50.1361.06125circularCP009295Table 4Genome statisticsAttributeValue% of total^a^Genome size (bp)5,457,578100.00DNA coding (bp)4,910,34689.97DNA G + C (bp)3,439,29763.02DNA scaffolds6100.00Total genes5192100.00Protein coding genes511098.42RNA genes821.58Pseudo genes591.14Genes in internal clusters418380.57Genes with function prediction403677.73Genes assigned to COGs378772.94Genes with Pfam domains412479.43Genes with signal peptides4869.36Genes with transmembrane helices107320.67CRISPR repeats00^a^The total is based on either the size of the genome in base pairs or the total number of protein coding genes in the annotated genomeFig. 2Circular maps and genetic features of the chromosome and its plasmids of *N. pentaromativorans* US6-1^T^ displaying relevant genome features. From outside to center; Genes on forward strand (colored by COG categories), genes on reverse strand (colored by COG categories), GC content and GC skew. Order and size counterclockwise from an upper map: Chr, 3.98 Mb; pLA 1, 0.18 Mb; pLA 2, 0.06 Mb; pLA 3, 0.75 Mb; pLA 4, 0.33 Mb; pLA 5, 0.13 MbTable 5Number of genes associated with general COG functional categoriesCodeValue% ageDescriptionJ1673.1Translation, ribosomal structure and biogenesisA10.0RNA processing and modificationK2674.9TranscriptionL2895.3Replication, recombination and repairB00.0Chromatin structure and dynamicsD360.7Cell cycle control, Cell division, chromosome partitioningV500.9Defense mechanismsT1222.2Signal transduction mechanismsM2454.5Cell wall/membrane/envelope biogenesisN641.2Cell motilityU761.4Intracellular trafficking and secretionO1723.1Posttranslational modification, protein turnover, chaperonesC2945.4Energy production and conversionG1773.2Carbohydrate transport and metabolismE2725.4Amino acid transport and metabolismF673.2Nucleotide transport and metabolismH1315.0Coenzyme transport and metabolismI2604.8Lipid transport and metabolismP2644.8Inorganic ion transport and metabolismQ1001.8Secondary metabolite biosynthesis, transport and catabolismR3827.0General function prediction onlyS3516.4Function unknown-167630.7Not in COGsThe total is based on the total number of protein coding genes in the annotated genome

Insights from the genome sequence {#Sec10}
=================================

In this study, the relationship between 16S rRNA gene sequence similarity and ANI value of the [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ was examined for nine genome-sequenced strains in the genus [*Novosphingobium*](http://dx.doi.org/10.1601/nm.1216). The 16S rRNA gene sequence similarity ranged from 93.9 to 99.9 % whereas the ANI values ranged from 70.9 to 93 % (Fig. [3](#Fig3){ref-type="fig"}). All interspecies relations (plot number 1--8 in Fig. [3](#Fig3){ref-type="fig"}) coincided with the species delineation, while the relation (plot number 9 in Fig. [3](#Fig3){ref-type="fig"}) between [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ and [*Novosphingobium*](http://dx.doi.org/10.1601/nm.1216) sp. PP1Y showed the discrepancy of the species delineation in terms of 16S rRNA gene sequence similarities and ANI values. This evidence suggests that the strains US6-1^T^ and PP1Y are likely different species, because ANI (93 %) is lower than 95 % in spite of the 99.9 % 16S rRNA gene sequence similarity \[[@CR24]\]. However, Gan et al. \[[@CR25]\] demonstrated that these two strains may belong to the same species on the basis of average amino acid identity, dinucleotide relative abundance values and genome signature dissimilarity. Kim et al. \[[@CR24]\] reported several exceptional cases of the proposed standard for species delineation. Among them a high number of cases (39 %) with \>98.65 % 16S rRNA gene sequence similarity, and \<95 % ANI, were found for strains that are known to have high intraspecific or intragenomic variations between multiple 16S rRNA genes in the genome. The same case was found between [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ and [*Novosphingobium*](http://dx.doi.org/10.1601/nm.1216) sp. PP1Y in the current study even though the intraspecific or intragenomic variations between multiple 16S rRNA genes in those genomes were low. At present, it is not clear how 16S rRNA gene sequence similarity between these two strains has been conserved despite having relatively divergent genomes.Fig. 3The relationship between 16S rRNA gene sequence similarities and ANI values for strains in the genus of *Novosphingobium*. The species boundary of 16S rRNA gene sequence similarity and ANI value are indicated at 97--98.65 % \[[@CR24]\] and 95--96 % \[[@CR32]\], respectively. 1, *N. acidiphilum* DSM 19966^T^; 2, *N. tardaugens* NBRC 16725^T^; 3, *N. aromaticivorans* DSM 12444^T^; 4, *Novosphingobium* sp. B-7; 5, *N. nitrogenifigens* DSM 19370^T^; 6, *Novosphingobium* sp. Rr 2-17; 7, *N. lindaniclasticum* LE124^T^; 8, *Novosphingobium* sp. AP12; 9, *Novosphingobium* sp. PP1Y

Strain US6-1^T^ has two different extradiol pathways \[[@CR9]\]. A previous analysis found that genes involved in the catechol 2,3-dioxygenase pathway are encoded in plasmid pLA1, whereas those of the protocatechuate 4,5-dioxygenase pathway are located in the chromosomal genome. Based on the completed genome data, however, it was discovered that most of the protocatechuate 4,5-dioxygenase genes are encoded in pLA3 (three alpha-subunits and two beta-subunits are in pLA3, with one beta-subunit in the chromosome) and that both extradiol biodegradation pathways are encoded separately in two plasmids. Additional gene such as a copy of naphthalene 1,2-dioxygenase involved in aromatic hydrocarbon degradation is encoded in the chromosomal genome.

Conclusions {#Sec11}
===========

[*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ was isolated from marine sediments and it showed halophilic characteristics. This strain is capable of degrading multi-ring aromatic compounds including benzo\[a\]pyrene. By completing the genome sequencing, the genomic composition of [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ was revised from one chromosome and two plasmids to one chromosome and five plasmids, and the total size was changed from approximately 5.1 to 5.5 Mb. The relationship between 16S rRNA gene sequence similarities and ANI values of the [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ and nine genome-sequenced strains in the genus [*Novosphingobium*](http://dx.doi.org/10.1601/nm.1216) indicated that all interspecies relations coincided with the species delineation, while the relation between [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ and [*Novosphingobium*](http://dx.doi.org/10.1601/nm.1216) sp. PP1Y did not. The two extradiol pathways are distributed on two of the plasmids and some dioxygenase genes such as a copy of protocatechuate 4,5-dioxygenase beta-subunit and naphthalene 1,2-dioxygenase genes involved in aromatic hydrocarbon degradation are encoded in chromosomal DNA. The current findings using this complete genome sequence of [*N. pentaromativorans*](http://dx.doi.org/10.1601/nm.8746) US6-1^T^ show that the PAHs biodegradation pathway genes are distributed on two plasmids. This result differs from the findings of the draft genome sequence we previously reported \[[@CR8]\]. Further research is required to reveal the full pathway of high-molecular-mass aromatic hydrocarbon degradation and its regulation mechanism.
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:   Average nucleotide identity
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:   Polycyclic aromatic hydrocarbons
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